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This study aimed to shed light on the role of H+-PPases in plant growth and development. H+-
PPases acidify the endomembrane system and contribute to the accumulation of many substances such 
as sugars, organic acids, and minerals in vacuole. The energy is utilized from the hydrolysis of 
pyrophosphate, a by-product of many biosynthetic pathways. Although the type I H+-PPase has been 
studied extensively, information is still lacking on its function in vegetative mature tissues and at early 
stages of fruit development. In addition, the precise role of type II H+-PPase in plant is yet unknown.  
To achieve this aim, I examined the AVP1 (type I H+-PPase), AVP2;1 and AVP2;2 (both are 
type II H+-PPase) gene expressions, in 25-day-old Arabidopsis plants. The expression of AVP1 was 
higher than that of AVP2;1 and AVP2;2 in all tissues tested. The expression patterns of all three genes 
were comparable; showing high expression in flowering buds, cauline leaves, and flowers. The high 
expression level in cauline leaves indicates that the H+-PPase plays some roles in mature tissues beside 
its previously reported roles in removal of excess level of PPi from developing immature tissues, and in 
accumulation of materials at later stages of fruit development. Then, I used fugu5 mutants, which lack 
functional type I H+-PPase. fugu5 mutants resulted from point mutation lead to amino acid substitution 
causing a defect in PPi hydrolysis activity of the enzyme. Interestingly, the results showed that the 
fugu5 mutants produce fewer leaves and flowers, smaller plants, and overall growth-retarded 
phenotypes. The mutants that lack type II H+-PPase have not been characterized. In this study, I 
adopted reverse genetic approaches to analyze the phenotype of Arabidopsis plants that lack functional 
type II H+-PPase, using avp2;1 and avp2;2 single mutants and avp2;1avp2;2 double mutant. No 
distinguishable phenotype was detected either in single mutants or double mutant compared to wild-
type plants. This result indicates that the role of type II H+-PPase under normal non-stressful conditions 
could be negligible. The low expression patterns of AVP2;1 and AVP2;2 also support this assumption.  
Furthermore, I investigated the role of PPi in adaption to low energy status by using mutants 
that lack functional H+-PPases. The results showed that the wild-type plants exhibited growth-inhibited 
phenotype, when grown in sugar-free basal medium under low light conditions. This is possibly 
because the low light wasn’t enough to support the full autotrophic growth of plants. On the other hand, 
three allelic mutants of fugu5 exhibited greater tolerance to sugar starvation when grown on ½ and full-
strength MS medium under photosynthesis-constraining low light intensities. fugu5 mutants 
accumulated significantly higher PPi levels. Sucrose-non-fermenting1-Related protein kinase-1 
(SnRK1) plays a central role in regulation of gene transcription in response to various stresses that lead 
to energy deficiency. Interestingly, the results of the present study showed that the induction of SnRK1 
phosphorylation activity by sugar starvation was reduced in fugu5 mutants, compared to that of wild-
type plants. I proposed that the high PPi level helps in conserving ATP through activation of PPi-
dependent enzymes.  
To understand the role of H+-PPase in fruit, I used tomato, the model plant for researches 
on fleshy fruit development. Southern blot analysis revealed that there are two genes encoding type I 
H+-PPase, SlVP1 and SlVP2. These genes form a multigene family, whereas there is only one gene 
encoding type II H+-PPase, SlVP3. Interestingly, the SlVP1, SlVP2, and SlVP3 showed similar 
expression pattern in young developing fruit at 2 to 4 days after anthesis. The results also showed that 
the SlVPs gene expressions were induced by pollination, and that the H+-PPases localize to ovules and 
their vicinities and in vascular tissues at an early stage of fruit development. Because SlVP1 and SlVP2 
mRNAs were more abundant than SlVP3 mRNA, the expression of SlVP1 and SlVP2 genes were 
analyzed further. The fruit-specific suppression of SlVP1 and SlVP2 using the ovary and young fruit-
specific promoter, TPRPF1, resulted in fruit growth retardation. These results suggest a novel role for 
type I H+-PPases at early stages of fruit development. The time period, 2 to 4 days after anthesis, 
corresponds to the cell division stage in tomato fruit. However, the in situ localization patterns indicate 
that it is unlikely that genes encoding H+-PPases play direct role in cell division. The number of seeds 
in fruit of transgenic plants was not reduced significantly compared to that of control plants. Thus, the 
role of H+-PPases at cell division stage is not mediated by seed development. It is known that tomato 
fruit development is stimulated by auxin transport from ovules and seeds. Thus, I examined the auxin 
level in 2-week-old tomato fruits. Auxin contents in peduncle, pericarp, and columella were similar 
between transgenic and control tomato plants. This result, however, doesn’t confirm or rule out that the 
auxin transport is defected in RNAi transgenic lines. More studies focusing on dynamics of auxin 
transport in tomato fruit are needed to understand the relationship, if any, between auxin transport and 
H+-PPases. Although the major function of H+-PPases in fruit has been believed to be the accumulation 
of materials such as sugars and organic acids in the vacuole during cell expansion and ripening, these 
results show that specific localization of SlVP1 and SlVP2 mRNA induced by pollination has a novel 
role at the cell division stage. 
Taken together, I suggest that the level of cytosolic PPi should be maintained at low level 
under non-stressful conditions to assure the forwardness of the PPi-producing biosynthetic pathways 
and for therefore the normal growth and development. Under sugar-starvation conditions, the high PPi 
level helps in conserving the ATP level. Thus, the PPi should be always maintained at an appropriate 
level depending on the energy and physiological status of plant. It is possible that the major role of type 
I H+-PPase is to maintain the homeostasis of PPi in cytosol. Type II H+-PPase possibly plays a 
supportive role for type I H+-PPase at early stages of fruit development, but not in PPi hydrolysis.  
 
